The tumor suppressor p16
Introduction

p16
INK4a/MTS1/CDKN2 is an inhibitor of cyclin dependent kinases 4 and 6 and a potent mediator of cell cycle arrest in transient assays (Koh et al., 1995; Lukas et al., 1995; Medema et al., 1995; Serrano et al., 1993 Serrano et al., , 1995 . Although p16
INK4a is inactivated in a broad range of tumors (Baylin et al., 1998) , the regulation of p16
INK4a and the stages of tumor progression that are suppressed by the protein remain poorly de®ned. A substantial body of evidence suggests a role for p16 INK4a in senescence of cultured cells. p16
INK4a accumulates as ®broblasts, T-lymphocytes, keratinocytes, mammary epithelial cells, uroepithelial cells, and prostate cells senesce (Alcorta et al., 1996; Brenner et al., 1998; Erickson et al., 1998; Jarrard et al., 1999; Kiyono et al., 1998; Rezniko et al., 1996; Sayama et al., 1999) .
Immortalization of human uroepithelial cells with the papillomavirus E7 protein, which disrupts pRB function and prevents p16
INK4a from mediating arrest, is accompanied by accumulation of p16
INK4a to high levels (Rezniko et al., 1990) . In contrast, immortalization with E6, which does not target pRB, is associated with spontaneous loss of p16
INK4a expression. Expression of activated alleles of ras in human and mouse primary ®broblasts causes a transient increase in proliferation followed by a state resembling senescence (Serrano et al., 1997) . This state is associated with elevated p16 INK4a levels and is not obtained in ®broblasts derived from INK4a-null mice (which are likely null for p16
INK4a and the alternative reading frame product, p19 ARF ). Based on these studies it was proposed that activation of senescence may be a general method of limiting cell proliferation and suppressing tumor development (Serrano et al., 1997) . The available data suggest that p16
INK4a may contribute to senescence, but do not address whether p16
INK4a induction per se is sucient to induce senescence or is required to maintain it.
Several recent studies indicate that p16 INK4a can induce some features of senescence. Expression of p16 INK4a in glioma cells, diploid ®broblasts, and squamous carcinoma cells is associated with cell attening and expression of the senescence-associated markers pH 6.0-optimum beta-galactosidase (SA-b-gal) and plasminogen activator inhibitor-1 (Higashi et al., 1997; Kato et al., 1998; McConnell et al., 1998; Timmermann et al., 1998; Uhrbom et al., 1997; Vogt et al., 1998) . Sustained p16
INK4a expression can cause a prolonged growth inhibition in several tumor cell lines and can cooperate with p53 to induce apoptosis (Lukas et al., 1999; Sandig et al., 1997) .
However, a key unresolved issue is whether p16
INK4a
can impose an irreversible arrest of cell proliferation, arguably the cardinal feature of senescence. Two studies have suggested reversibility of p16
-mediated eects (Rossi et al., 1998; Uhrbom et al., 1997) . We sought to address this issue through use of U2-OS human osteogenic sarcoma cell clones in which transcription of p16 INK4a is regulated by the level of tetracycline (Tet) in the media (Mitra et al., 1999) . p16
INK4a has been implicated in suppression of sarcomas (Cohen and Geradts, 1997; Serrano et al., 1996) , and U2-OS is the cell line in which p16
INK4a function has been most extensively studied (Koh et al., 1995; Lukas et al., 1995 Lukas et al., , 1999 McConnell et al., 1999; Medema et al., 1995; Mitra et al., 1999) . We asked whether the biochemical, morphologic, and growth eects of p16
were reversible after either transient or sustained p16
INK4a expression. Our results show that the p16 days from being largely reversible to being largely irreversible. We ®nd further that the durable loss of proliferative potential correlates well with morphologic features of senescence, and that neither p16 INK4a expression, hypophosphorylation of pRB, nor a strict G1 arrest is required to maintain this state.
Results
Dose-dependent and reversible p16
INK4a expression
We generated p16
INK4a
-inducible clones from U2-OS cells using the Tet-repressible system (Gossen and Bujard, 1992) . Details of the derivation of the clones and the initial biochemical consequences of p16 INK4a induction have been described previously (Mitra et al., 1999) . All results presented here, except where speci®ed, were obtained using clone OSp16.1. Immunoblotting demonstrated a low level of`leaky' p16 INK4a expression in cells maintained in fully suppressive levels of Tet (1 mg/ml; Figure 1a ). In comparison, p16 INK4a levels were threefold higher within 6 h of Tet withdrawal (data not shown), eightfold higher by 24 h, and peaked at 25-fold higher following 3 days without Tet ( Figure 1a ). The p16
INK4a levels achieved were moderately higher than that observed in SaOS-2 cells, an osteogenic sarcoma line that lacks functional pRB and served as a positive control. By immuno¯uorescence, p16
INK4a induction was observed in most cells 1 day (data not shown) or 3 days after Tet withdrawal (Figure 1b) . Some cell-cell variation in expression levels was observed, which is typical of this and other inducible transcription systems (Harkin et al., 1999; Uhrbom et al., 1997) and was unaected by limiting dilution re-cloning of the line (data not shown). p16
INK4a levels then fell slightly between days 3 and 6, despite continued absence of Tet (Figure 1a) , and the fraction of cells with low p16
INK4a expression levels rose (data not shown), perhaps owing to a proliferative advantage. Nonetheless, nearly all cells maintained without Tet for 1 ± 6 days had higher levels of p16
INK4a than control cells maintained in Tet (Figure 1b and data not shown). Furthermore, the induced levels were sucient to inhibit DNA synthesis in most cells.
We INK4a expression, consistent with the known dose-response curve for the promoter (Figure 1a ; Gossen and Bujard, 1992) . We withdrew Tet from another culture for 1 day and then restored the Tet concentration to a fully suppressive level. In this culture (designated`0 to 1') p16
INK4a levels immediately fell after the Tet addition, with an eective half-life of about a day. Even cells with peak levels of p16
showed low to undetectable levels of the protein after incubation for 4 days in fully suppressive levels of Tet (Figure 1b ; see also Figure 7 ).
Dose-dependent and reversible cell cycle inhibition
We examined the eect of p16
INK4a induction on cell proliferation in OSp16.1 by assessing pulse bromodeoxyuridine (BrdU) incorporation, pulse [ (left) Extracts were prepared from cells maintained in 1, 0.01, and 0 mg/ml of Tet for 3 days and from cells treated with 0 mg/ml of Tet for 1 day followed by 1 mg/ml of Tet for 2 days (`0 to 1'). Extracts from the parental U2-OS clone were loaded between each set of induced cell extracts, as negative controls (unmarked). SaOS2: positive control. M: Molecular weight markers. Load: a cross-reacting band. (right) Extracts were prepared from cells maintained in 0 mg/ml Tet for 3 ± 6 days. Load: Coomassie-blue stained bands. (b) Immuno¯uorescence. Cells were ®xed and stained for p16 INK4a (green) after culturing in the presence (left) or absence (middle) of Tet (1 mg/ml) for 3 days. A third culture was maintained without Tet for 3 days and then with Tet for 4 days (right). Nuclear DNA was co-stained with bisBenzimide (Hoechst; blue) induction, the substantial fraction of cells in S phase contrasted with the barely detectable recovery in DNA synthesis and the lack of increase in cell number, suggesting that the S phase that these cells entered was inecient. This issue will be revisited below. Note that p16
INK4a levels had not yet returned to baseline at this point ( Figure 1a ). When followed for an additional 3 days, DNA synthesis and cell number rebounded strongly in the`0 to 1' culture, to levels higher than in cultures maintained without Tet or with an intermediate level of Tet (Table 1 ; see also Figure 3 ). Consistent with these observations, we were able to trap an increasing fraction of these cells in mitosis using the microtubule inhibitor nocodazole (data not shown).
The results in Table 1 indicated that the cell cycle block mediated by 1 day of p16
INK4a expression was substantially reversible. This ®nding is consistent with Rossi et al., 1998) . To explore this phenomenon more fully, we extended the time frame of our experiments. We induced p16
INK4a for 1, 3, 6, or 9 days. We then restored Tet for 3 or more days and monitored induction for 1 day, DNA synthesis again lagged behind the rate observed in uninduced cells for 2 days before rebounding strongly (Figure 3 , dashed line originating on day 1). In contrast, the recovery in DNA synthesis appeared to be less robust after longer periods of p16
INK4a induction. Thus, although initially largely reversible, the block to DNA synthesis appears to become increasingly durable following p16
INK4a induction for more than 3 days.
Induction of senescence features
After 3 ± 4 days of p16
INK4a induction OSp16.1 cells became increasingly¯at and spread out on the dish (Figure 4 , upper panels). After 6 days the mean forward scatter of light observed during¯ow cytometry induction that are commonly seen in senescing cells (Mitra et al., 1999) . These include hypophosphorylation of pRb and a decrease in overall pRb levels (see also Figure 7, below; Stein et al., 1999) , induction of p21, and inhibition of Cdk2 activity. Diminished growth factor-stimulated immediate early gene transcription is another feature commonly seen in senescing cells (Serrano et al., 1997; Seshadri and Campisi, 1990) . We cultured cells in the presence or absence of Tet for 4 days and deprived them of serum for the last 3 of these days. Northern blotting demonstrated a tenfold stimulation of c-fos mRNA levels within 1 h of restoring serum in the absence of p16
INK4a induction versus approximately half that in the presence of p16
INK4a induction (data not shown). We conclude that p16
INK4a induces a number of morphologic and biochemical features of senescence.
Increasing durability of the block to cell proliferation
We asked whether the morphological features that developed during sustained p16
INK4a induction correlated with a durable block to cell proliferation. Assessment of cell proliferation over long time periods in such mass cultures is complicated by heterogeneity of the cultures. For example, cells with low p16
INK4a induction have a proliferative advantage during a long induction phase. Additionally, cells that recover from p16
INK4a
-mediated arrest have rates of proliferation that change with time ( Figure 3) . To determine the fate of individual cells with sustained p16
INK4a induction, we employed a single cell assay system. Cells that were either maintained in Tet or were induced to express p16
INK4a for 3 or 6 days were replated at low density in the presence of Tet. Immediately after their attachment, cells were selected at random and their positions were marked on the bottom of the culture dish. The fate of these cells was then prospectively followed over a 12-day period.
For each pre-treatment condition, we scored at 2-day intervals the percentage of cells that never progressed beyond the single cell stage (i.e. that were`durably arrested'). Within this category we itemized the fraction that remained morphologically intact versus those that disintegrated and detached from the plate. The latter process typically played out over several days, and was characterized by loss of large patches of cytoplasm, followed by development of an irregular and refractile nucleus. We observed that 75% of cells with prior p16
INK4a induction for 6 days remained durably arrested, compared with 58% of cells with 3 days of induction and 23% of cells without induction ( Figure  5 ). Thus, despite some outgrowth of cells with low expression during prolonged p16
INK4a induction, most cells in such cultures lost their proliferative capacity. p16
INK4a expression peaks at day 3, as assessed either in the culture as a whole or in individual cells (Figure 1) . Therefore, the increase in the fraction of durably arrested cells that occurs between days 3 and 6 suggests that development of this state is time-dependent in addition to being dependent on p16
INK4a levels. When cells were assayed for SA-b-gal activity at the end of the experiment, we observed a strong correlation with durable arrest: 86% of single cells showed SA-b-gal staining versus 11% of cells in micro-colonies. We asked whether the durable arrest that followed p16 INK4a induction was a reproducible feature of p16
-expressing clones and whether the manipulation of Tet levels and culture conditions per se might yield a durable arrest, in the absence of p16 INK4a expression. The durable arrest phenotype was reproduced in OSp16.2 and OSp16.3 but not in OSvec.1 (Figure 6 ). The percentage of cells undergoing a durable arrest was moderately lower in the second and third p16
-expressing clones than in OSp16.1. This appeared to be due to lower levels of p16 INK4a induction (OSp16.3) and lower spontaneous levels of arrest (OSp16.2 and OSp16.3; Figure 6 ). As was observed for OSp16.1, the vast majority of OSp16.2 and OSp16.3 cells that remained single and intact at the end of the experiment were¯at and spread out and stained for SA-b-gal (data not shown).
Recovery in pRb phosphorylation
We then sought to con®rm that p16
INK4a levels indeed returned to baseline upon Tet addition to OSp16.1 cultures with 6 days of p16
INK4a induction and to ask whether this was accompanied by a recovery in pRB phosphorylation. To help discriminate results derived from durably arrested and proliferating cells, we also treated some cultures with the microtubule inhibitor nocodazole. A large fraction of replicating cells round up in the presence of this drug as they enter mitosis and can be washed o the plate (nocodazolesensitive'). Conversely, nocodazole treatment should enrich for non-or slowly-proliferating cells among those that remain on the dish (nocodazole-`resistant').
Immunoblotting con®rmed that p16
INK4a levels returned to near baseline within 4 days of Tet addition in cultures subjected to 6 days of p16
INK4a induction (Figure 7 , compare lanes 5 ± 9 to lanes 3 ± 4). Levels of pRB and, in particular, of the slower migrating pRB forms indicative of hyperphosphorylation also normalized. These changes were observed in all such cells, whether or not they were sensitive (lanes 6 and 8), resistant (lanes 3, 5, and 7) or never exposed (data not shown) to nocodazole. In contrast, cells that were maintained continuously in Tet and were resistant to nocodazole contained mostly hypophosphorylated pRB (lane 10), as is typical of cells in G1 phase. These results con®rmed that nocodazole treatment did not itself induce hyperphosphorylation of pRB and that prior p16
INK4a induction was required to observe hyperphosphorylated pRb in nocodazole-resistant cells. In sum, the return of p16
INK4a levels toward baseline was accompanied by a reversal of p16 INK4a 's eects on pRB level and phosphorylation.
Evidence for S phase entry in some senescing cells
Given that pRb phosphorylation recovered when p16
INK4a levels returned towards baseline in the durably arrested cells, we asked whether these cells remained INK4a induction. Cells were cultured in the presence (shaded boxes above, marked`+') or absence (empty boxes above) of Tet for the indicated number of days. Some cells were then exposed to nocodazole. The cells that could then be washed o the plate are labeled sensitive to nocodazole (S); those that remained on the dish are labeled as nocodazole-resistant (R). The dish in which nocodazole was added and all the cells were harvested together is labeled as total (T). Cells without nocodazole treatment are marked by a minus sign (7). pRb and p16
INK4a were detected by immunoblotting. The hypophosphorylated form of pRb is labeled pRbP' and the hyperphosphorylated forms are labeled`pRbPP' INK4a induction for 6 days were in G1 phase (Figure 8 ). Four days after addition of Tet the G1 fraction decreased to 54%, a level lower than that observed in cells maintained continuously in Tet (66%). The decrease in the G1 fraction was accompanied by a corresponding increase in the S fraction, to a level reproducibly higher than that seen in cells maintained continuously in Tet (Figure 8 ). This result was similar to that observed following only 1 day of p16
INK4a induction (Figure 2c ) and suggests that many cells in this culture entered an inecient S phase, leading to an increase in the fraction of cells in this phase.
Several observations suggest that the S phase entry observed after 6 days of p16
INK4a induction occurred at least in part in the senescing population rather than exclusively in cells that escape senescence. Note that in the single cell assay we found no increase in the number of colonies with two or more cells beyond the fourth day of restoration of Tet. Thus, those cells that either were never arrested or were able to recover from p16
INK4a inhibition had already passed through at least one round of cell replication by this time point ( Figures  5 and 6 ) and should not contribute to the disproportionately large S phase fraction (Figure 8 , middle panel). Moreover, after nocodazole treatment, most cells remaining on the dish had senescent morphological features (data not shown), yet fully one third of these cells were in S phase by¯ow cytometry (Figure 8 , second from right) and most contained hyperphosphorylated pRB (Figure 7, lane 7) . The cells with a G2/M DNA content in this culture may have been senescing cells or residual proliferating cells that were arrested by nocodazole but not washed o the plate. Taken together, these results suggest that many cells retained a durable block to cell proliferation despite the absence of a durable G1 phase arrest. We conclude that the morphologic features of senescence and the arrest of cell proliferation mediated by sustained induction of p16
INK4a are in most cells irreversible and do not require ongoing p16 INK4a expression, hypophosphorylation of pRB, or maintenance of a strict G1 cell cycle arrest.
Discussion
In this study, we have compared and contrasted cell cycle eects mediated by short-term and long-term expression of p16
INK4a in U2-OS osteogenic sarcoma cells. We have characterized p16
INK4a
-inhibited cells in terms of their rates of DNA synthesis, DNA content, pRb phosphorylation status, morphologic features, and proliferative capacity. In cells arrrested in G1 phase after 1 day of p16
INK4a induction, restoring Tet was followed by a robust recovery of DNA synthesis and cell proliferation, as p16
INK4a levels returned to baseline. However, prolonged p16
INK4a expression resulted in morphologic, biochemical, cell cycle, and proliferative features associated with senescence, including¯attening and spreading, an increase in forward scatter of light during¯ow cytometry, positivity for SA-b-gal, hypophosphorylation of pRB, induction of p21 (Mitra et al., 1999) , diminished immediate early gene transcription, a G1 arrest, cessation of cell division, and gradual cell death. Remarkably, the senescent morphologic and proliferative phenotype persisted when further p16
INK4a transcription was blocked, despite the prompt return of p16
INK4a toward baseline, a recovery in pRb phosphorylation, and apparently, progression of some cells into S phase.
Our results re®ne and extend conclusions drawn from three prior studies where the eects of p16
were deemed to be largely reversible by cell cycle pro®le (McConnell et al., 1998) , a decrease in the percentage of SA-b-gal positive cells (Uhrbom et al., 1997) , or recovery in cell number (Rossi et al., 1998) . First, these earlier studies did not systematically vary the duration of p16 INK4a induction. We have shown that this is a crucial variable in determining the fate of U2-OS cells. Second, we found that the rebound in the fraction of cells in S phase following a period of p16
INK4a expression can be somewhat misleading as a criterion for cellular recovery, in that this outstripped recovery in either the rate of DNA synthesis or cell division. Thus, the S phase that follows 1 day of Figure 8 S phase entry following a period of sustained p16
INK4a induction. Cells were maintained for 6 days in the presence (6D +) or absence (6D 7) of Tet. Tet was then restored for 4 days to a portion of the latter culture (6D 7, 4D +). Some of these cells were also treated with nocodazole and are labeled as per the legend to Figure 7 . DNA content is depicted on the x-axis, cell number of the y-axis. For ease of display, the pro®les were normalized to the highest peak. The S phase fraction is hatched and the fraction of cells in each cell cycle phase is given numerically above each pro®le. The results shown are from one representative experiment of four performed p16 INK4a induction in U2-OS cells appears to be inecient, but ultimately productive of normal cell division, whereas the S phase following more extended periods of p16
INK4a induction generally fails to lead to cell division. Third, we have clari®ed the observation that the fraction of cells with SA-b-gal staining decreases. In U2-OS cells this represents for the most part dilution of cells with senescent features by proliferation of cells that never developed them, rather than reversal of these features. The acquisition of SAb-gal staining in U2-OS cells correlates well with a durable loss of proliferative potential.
A factor which complicates analysis of the events in mass cultures of inducible cells is the heterogeneity of expression (Harkin et al., 1999; Uhrbom et al., 1997) . For example, we have observed outgrowth of cells with low levels of p16
INK4a during 6 days of induction, to constitute about 25% of the culture. This may be due to cells that have methylated the Tet-sensitive promoter, a phenomenon documented previously in use of the Tet-repressible system in U2-OS cells (Harkin et al., 1999) . We addressed this heterogeneity in two ways, by prospectively following the fate of individual cells following dierent periods of p16 INK4a induction and by using nocodazole to enrich for the non-proliferating fraction. The single cell assay allowed us both to determine the fate of individual cells and to directly correlate morphologic features with proliferative potential. Analysis of nocodazoleresistant cells helped demonstrate that the recovery in pRB phosphorylation and in S phase entry was not con®ned to the rapidly proliferating fraction of the culture.
Evidence for an autonomous senescence program 10% fetal calf serum (Life Technologies), penicillin (100 000 units/L) and streptomycin sulfate (100 000 units/L). Tet (1 ± 2 mg/ml) was used to suppress p16
INK4a expression, unless otherwise noted. To remove Tet and allow induction, cells were trypsinized, washed with DMEM medium, and replated. In a typical experiment, 125 000 and 300 000 cells were plated on 10 cm diameter culture dishes for 6 and 3 days induction, respectively. Cells were generally 50 ± 70% conuent at the end of induction.
Antibodies
For detection of p16 INK4a by immunoblotting, monoclonal antibody JC6 (a gift from Dr Jim Koh, Vermont Medical Centre) was used at a 1 : 4 dilution of the supernatant. For immuno¯uorescence staining, JC6 supernatant was used without dilution. For detection of pRb by immunoblotting, a rabbit polyclonal antibody C-15 (Santa Cruz) was used at a 1 : 1000 dilution. Anti-rabbit and anti-mouse secondary antibodies (Amersham) were used at a 1 : 5000 dilution.
Immunoblotting
Cells were washed twice with PBS and lysed in cold ELB buer (50 mM HEPES pH 7.0, 250 mM NaCl, 0.1% NP40 and 5 mM EDTA) with protease and phosphatase inhibitors (1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyluoride (PMSF), 0.1 mM sodium orthovanadate, 1 mg/ml aprotinin, 1 mg/ml leupepsin). Lysed cells were scraped o the plates and incubated on ice for 30 min. The lysate was cleared by centrifuging at 14 000 g for 15 min at 48C. Protein concentration was determined by Bradford assay (Biorad). Ten mg of total cellular proteins were separated on SDS ± PAGE and transferred to PVDF membranes (Hybond P, Amersham Life Sciences). Bound primary antibodies were detected with HRP-conjugated secondary antibodies and enhanced chemiluminescence (ECL plus, Amersham). Dilutions were made in TBS-Tween (10 mM Tris-HCl pH 7.6, 100 mM NaCl and 0.1% Tween-20) with 5% nonfat milk.
Immunofluorescence
Cells were washed twice with PBS and ®xed in acetone/ methanol (1 : 1) for 10 min at 7208C. Fixed cells were incubated with 5% normal goat serum (Life Technologies) in PBS-Tween 0.1% for 1 h at room temperature, followed by primary antibody incubation for 2 h at room temperature. Cells were then washed with PBS-Tween 0.1% four times and were incubated with¯uorescence-conjugated secondary antisera and a 1 : 1000 dilution of bisBenzimide (Hoechst 33258, Sigma) for 1 h at RT. Cells were washed four times prior to mounting (CrystalMount). Fluorescence images were captured under dierence wavelengths and¯uorescence intensity was quantitated on a greyscale with a cooled-charged device camera (Sensys model KF 1400). Images were then pseudocolored and superimposed by using the Multiprobe and IP Lab Spectrum software (Scanalytics, Fairfax, VA, USA). Within an experiment, each image was captured and processed using the same parameters, to facilitate direct comparison of¯uorescence intensity.
Tritiated-thymidine incorporation
Cell proliferation was determined by [ 3 H]-thymidine uptake as follows. Cells were pulse-labeled with 3 H-thymidine at 2.0 mCi/ml for 45 min prior to being harvested. After two washes with PBS, the cells were trypsinized and centrifuged at 1000 r.p.m. for 5 min. The cell pellet was resuspended in 0.3 N NaOH for 30 min on ice prior to addition of 20% cold trichloroacetic acid (TCA). The TCA precipitates was ®ltered through GF/C ®lters (Whatman) by the use of a benchtop apparatus (Millipore). The ®lter was washed with 5 ml of cold 10% TCA and then with 5 ml 95% ethanol. The amount of radioactivity on the ®lter was determined in a scintillation counter (Beckman model LS6000IC).
Cell cycle analysis
Cells were harvested by trypsinization and were resuspended in 100 ml of PBS. Cells were then ®xed by dropwise addition of 100% ethanol with gentle vortexing and stained with a solution containing 0.001% propidium iodide and 250 mg/ml of RNase A at 378C for 30 min. A Becton-Dickinson¯ow cytometer was used to determine DNA content. Data were analysed using the ModFit software program.
SA-b-gal staining
The method used for SA-b-gal staining has been described previously (Dimri et al., 1995) . Brie¯y, cells were washed twice with PBS and ®xed in 3% formaldehyde for 5 min at room temperature. Cells were then washed once with PBS and incubated with 1 mg/ml of 5-bromo-4-chloro-3-indoyl b-D-galactoside (X-gal), 40 mM citric acid/sodium phosphate pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl 2 at 378C for 12 to 15 h. Bright ®eld and phase-contrast images were taken with a Nikon camera and processed with IP Lab Spectrum and Canvas software programs. Images from the induced and uninduced conditions were captured and processed with the same parameters, to facilitate direct comparison of staining intensity.
Single cell assay
Cells were trypsinized and washed with DMEM at the end of induction. Cells without induction were used as controls. After careful resuspension, cells were replated at 100 cells/cm 2 and maintained in 1.5 mg/ml of Tet. Fifty single cells were selected randomly from each 10-cm dish, and their positions on the plate were marked with a ®ne needle. A number was assigned to each randomly selected cell. Over the next 10 ± 12 days, the marked cells were assessed every 2 ± 4 days, to determine whether they remained single, died (detached from the plate), or divided.
Serum starvation and Northern blotting
Cells were cultured in media containing 10% serum for 24 h in the presence or absence of Tet. The cells were then starved of serum for 3 days and re-stimulated with 10% serum, maintaining the same Tet conditions. Total RNA was isolated using Trizol (Life Technologies) at intervals up to 5 h following re-stimulation with serum. Seventeen mg of each preparation was subjected to electrophoresis in a 1% agarose gel containing formaldehyde. Equivalent RNA loading was con®rmed by ethidium bromide staining of ribosomal RNA. The RNA was transferred by blotting onto a nylon membrane and hybridized under standard conditions with 32 P-labeled probes generated from the entire human c-fos cDNA.
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